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1.0 INTRODUCTION 

There gap terminus on 1U 75428-02 SN 

0000001 (see Figure 1). The separation begins 1.2 inches on the clevis 

side of the flap gap terminus hereafter known as terminus, and measures 2.6 

inches longitudinally by 7.33 inches circumferentially. This separation is 

defined by Discrepancy Report (DR) 123522 (see Appendix A). It has been 

assumed that the separation occurred in the insulation during layup by 

either air or some foreign material. The layup is the most likely cause of 

the separation and is the worst case scenario. 

is a separation in front of the flap 

The separation has been included in a two dimensional axisymmetric model of 

the center segment, thus, assuming the separation is full circumference; a 

worse case scenario rather than the actual condition. An assumption was 

made that the separation does not violate the tie ply (see Figure 1). As 

discussed subsequently, several finite element analyses were performed 

using Thiokol Automated Stress System (TASS) to estimate: 

1) The potential for separation growth. 

2) Any additional stresses in the segment if the 
flap gap were to be potted with an adhesive 
that would prevent gas flowing to the flap gap 
terminus during pressurization. 

3)  The flap gap opening for the different slump 
conditions to determine ease of potting. 

TWR-18169 
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2.0 SUHHARY 

To determine the potential for separation growth, the separation was 

analyzed using fracture mechanics. Typical stress and strain failure 

criteria cannot be used since separation tkrminations create stress and 

strain singularities. The fracture mechanics analyses concluded that the 

separation would not grow during storage and pressurization. Pressure was 

analyzed for two different temperatures at the propellant mean bulk 

temperatures (PHBT) of 40 OF and 90 OF. Four different scenarios were 

considered to determine the potential for separation growth: 

0 Two for growth in the aft and forward directions. 

0 One for growth in the terminus. 

0 One for growth in the extended terminus (assuming 
the terminus extended to the end of the separation). 

The extended terminus had the lowest safety factor of 2.9, which was for 

storage conditions. Analysis of separation growth in the forward and aft 

directions revealed that growth in the forward direction had the lowest 

safety factor of 8.6 for storage. 

As for potting the flap gap with adhesive to prevent hot gases from getting 

to the end of the terminus, the analyses showed that: 

1) The flap gap would open sufficiently to pour 
an adhesive into the flap gap. 

2) Potting would not significantly affect the 
stress in the segment. 
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3 . 0  CONCLUSIONS AND RECOHHENDATTONS 

The structural analyses performed on this separation indicates this segment 

would be marginal for any type of ignition. The inspection team (QA/NDE) 

would not guarantee that the separation does not connect with the propel- 

lant. Therefore, this segment should not be used in a RSRH flight and 

would be risky in a static test firing. Currently, this segment is being 

used in long term storage testing. The segment could also be used in the 

aging and surveillance program to obtain dissect samples. 

4.0 DISCUSSION 

4.1 Haterial Properties 

The grain includes the viscoelastic materials of propellant, liner, cast- 
2 2 able inhibitor, and insulation (PLI ). The mechanical properties of PLI 

are load rate and temperature dependent. Proper selection of material pro- 

perties allows the use of linear elastic and infinitesimal deformation 

theory solutions. The grain material properties are presented in "Hechan- 

ical Properties of SRH Propellant Grain Materials" (see Reference 1). 

4.2 Analysis Loads 

The loading conditions for the separation analyses are presented in the 

"RSW Grain Loads Data Book" (see Reference 2), and summarized as follows: 

TWR-18169 
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1) STORAGE 

a) Insulation cool down from 300 O F  to 135 OF. 

b) Propellant, liner, and insulation cool down 
from 135 O F  to 40 O F  PHBT. 

c) 
. a horizontal position). 

Horizontal Slump (1.0 gravity with case in 

d) Vertical Slump (1.0 gravity with case in a 
vertical position). 

2) LAUNCH 

a) Pressurization, maximum expected operating 
pressure (HEOP). 

b) Acceleration (0 .6 gravity with case in a 
vertical position). 

Thermal cool down from 300 O F  to PMBT, and pressurization are the two major 

loading conditions. These loads were analyzed in each fracture mechanics 

analysis. The assumption was that this segment would only be used for a 

static test, therefore, vertical slump and acceleration loads were not 

considered. The horizontal slump load is an asymmetric loading condition, 

and the energy release rate will vary around the case. Therefore, the 

energy release rate for horizontal slump was calculated using the same 

formulas used in "RSM Insulation/Case Unbond Structural Analysis", (see 

Reference 3 ) .  Horizontal slump is not normally a critical loading condi- 

tion, therefore, it was considered only for the forward direction and ex- 

tended terminus. These two separations had the greatest potential of 

growth during storage conditions. 
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4 . 3  Fracture Mechanics Analysis 

Because of the stress and strain singularities present at separation 

terminations, the results of the finite element stress analyses cannot be 

used to assess the safety factor based on conventional stress or strain 

failure criteria. In these cases, fracture mechanic analysis must be used 

to calculate the corresponding energy release rates or stress intensity 

factors. The safety factor for the bondline is defined by either of the 

following: 

1) the square root of the ratio of the critical energy 
release rate (Gc) to the induced energy release 
rate; or, 

2) the ratio of the critical stress intensity factor to 
the calculated stress intensity factor. 

In this analysis, the critical energy release rate method was used to 

assess the safety factor. For the purpose of obtaining a safety factor, 

the following Gc were used for nitrile butadiene rubber (NBR) cohesive 

bonds : 

lb-in. 

lb-in. 

in. 
= 90 ______c_ 

2 Gc Pressure 

The critical energy release rates are a result of the characterization 

of the PLI that was part of the RSRH program. The critical energy release 

rate characterization is documented in TWR-18185 (see Reference 4). 

2 
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4 . 3 . 1  Induced Energy Release Rate 

The finite element code TASS was used to obtain the forces and displace- 

ments required to predict the induced energy release rate. Gi (induced 

energy release rate) is calculated using the following equation taken from 

Reference 4. 

Gi = (PTWT + PsAus) / 2bA (Equation 1) 

where: 

= Induced energy release rate Gi 
PT = Tensile force restricting crack growth 

Ps = Shear force restricting crack growth 

AU - Displacement in the crack with PT removed 

AU - Displacement in the crack with Ps removed 

bA = Change of crack area 

T -  

s -  

The forces are calculated in the first of two computer runs with the crack 

being at the initial size. In the second computer run the crack is allowed 

to propagate and the displacements of the nodes at the initial crack size 

are obtained (see Reference 4). These forces and displacements are then 

combined as the above equation indicates and yields the energy release rate 

for one loading condition. The induced energy release rate is a 

combination of more than one loading condition for both storage and 

pressurization. 

TWR-18169 
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4.3.2 Method of Combining Loads 

To 

loads are combined as follows: 

obtain the total induced energy release rate for two or more loads, the 

MI1 AP1 Au2 AP2 AP1 Au2 
GI = _________ + _________ + _________  (Equation 2 )  

2bA 2LIA all 

where : 

AU1 = The crack opening displacement caused by one loading 
condition. 

AU2 = The crack opening displacement caused by a second 
loading load and/or subsequent loads. 

APl = The force restricting crack growth caused by one 
loading condition. 

AP2 = The force restricting crack growth caused by the 
second loading condition and/or subsequent loads. 

bA = Change of the crack area. 

The terms in Equation 2 are divided into the tensile and shear modes by 

using Equation 1 then summed as equation 2 indicates, thus, obtaining the 

total induced energy release rate for storage or pressurization loading 

conditions. 

4.3.3 Geometry 

A 

The models were axisymmetric assuming a full circumference separation. 

center segment model was modified with each of the separations analyzed. 

The 

TWR- 18 169 
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analyses assumed the separation was between two plies of the insul.ation and 

that the separation terminus was at the tie ply (see Figure 1). 

For pressurization loading, pressure is applied in the flap gap to the end 

of the terminus. In the case of the extended terminus, pressure is applied 

over the entire length of the extended terminus. 

5.0 RESULTS 

The main purpose of the fracture mechanics analyses was t o  predict the 

potential of the separation growth. The stress analysis was performed to 

determine if pouring adhesive in the flap gap would significantly affect 

stresses throughout the segment, and to determine if the flap gap would 

open enough to pour adhesive into it. 

5.1 Fracture Hechanics 

Four different separation tips were analyzed using fracture mechanics to 

predict Gi. 

1) Separation growth in the forward direction. 

2) Separation growth in the aft direction. 

3)  Terminus growth. 

4) Growth of the extended terminus, assuming the 
terminus connected t o  the separation. 

TWR- 18 169 
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Figure 1 indicates the location where the separation is with respect t o  the 

segment. Figure 1 also shows the separation growth in the forward and aft 

directions, and the location of where the terminus growth was analyzed. 

Figure 2 shows the extended terminus separation. Figure 3 is the finite 

element grid used to analyze separation growth in the forward direction and 

the extended terminus (which is the same grid with a void between the flap 

gap and the separation). Figure 4 is the finite element grid used to per- 

form analyses for separation growth in the aft direction. Figure 5 is the 

finite element grid used to perform the analyses for the flap gap terminus. 

The results of these analyses are presented in Table 1. These results 

illustrate that the separation has a smaller potential for growth than the 

terminus. The major concern is the small possibility that the terminus 

connects to the separation because of an undetectable separation. In this 

case, the safety factor for separation growth drops from 3.4  for the 

terminus to 2.9 for the extended terminus for storage at a PHBT of 40 OF. 

In Table 1, storage loads  are the dominant loading conditions to propagate 

any separation. When a segment is pressurized, a separation in the 

insulation will experience a compressive force (assuming that hot gases 

cannot flow to the separation tip), which would reduce the potential for 

separation growth. If pressure were to flow to the tip of the separation 

in the extended terminus, the analysis shows that the extended terminus 

would not continue to grow, therefore, the segment in question could be 

used in a static test. 

TWR-18169 
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Induced 

TABLE 1 

Results of Fracture Mechanics Analyses 

Energy Release Rate for Separation lb-in./in. 2 

Loading Condition 

Thermal Cool down 
300 O F  to 135 O F  

135 O F  to 40 O F  

Borizontal Slump 

Total Storage 

Safety Factors 

Aft - 

0.035 

0.092 

0.127 

10.9 

Pressurization 
PHBT 40 OF 

Safety Factor 

PMBT 90 OF 

Safety Factor 

0.112 

19 - 

0.004 

26 - 

Forward 

0.096 

0.060 

0.045 

0.201 

8.6 - 

0.127 

17 - 

0.000 

21 - 

Terminus 

0.070 

1.200 

1.270 

3.4 - 

0.116 

8.1 - 

0.002 

8.4 - 

Extended Terminus 

0.141 

1.530 

0.129 

1.797 

2.9 - 

0.781 

- 5.9 

0.034 

- 7.0 

Allowable NBR Cohesive Energy Release Rates 

lb-in. 

lb-in. 

in. 
= go -------- 

Gc Pressure 2 
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5.2 Stress Analyses 

To use the segment under scrutiny in a static test, the flap gap could be 

filled from flowing to the end of 

the terminus and the end of the separation, if the terminus and separation 

are connected. If the flap gap is filled with an adhesive, several issues 

must be addressed. 

with some adhesive to prevent hot gases 

What adhesive would fill the flap gap and 
provide a good bond to the insulation? 

Does the flap gap open far enough in the ver- 
tical position to pour in an adhesive? 

How should the insulation in the flap gap be 
etched to provide a good bond to the adhesive? 

' 

Could the insulation be hand etched in the 
horizontal position? 

Would an adhesive adversely affect the per- 
formance of the segment? 

What bond length would be needed to prevent hot 
gas flow to the terminus when the segment is 
pressurized? 

Many different finite element analyses were completed to determine the 

answers to these questions. Conclusions from these analyses, and informa- 

tion from experts concerning these various subjects are summarized as 

follows : 

1) Polysulfide would be the most probable adhesive 
used with RP-6401 in the first few inches in 
front of the terminus. 

2) The flap gap opens about 0.5 inch when the seg- 
ment is in the vertical position. 

TWR-18169 
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3)  There are two possible wavs to etch the flap 
gap insulation: by hand or chemically. 

4) In the horizontal position, the flap gap opens 
about 0.75 inch at the top center position. 
The opening of the flap gap is opened about 0.5 
inch, 6 inches back, therefore, hand etching 
would be possible. Since the Propellant and 
Adhesive Structures Section is not qualified to 
address the concerns of chemical etching, this 
type of etching is not discussed in the present 
document . 

5) The analyses showed that with adhesive in the 
flap gap, the stresses during pressurization 
would decrease less than 5 percent. Since the 
stress is compressive, there would not be any 
adverse effect to the structural integrity of 
the segment. 

6 )  Since the segment is in compression during 
pressurization, the only load an adhesive would 
have to carry is the pressure in front of the 
flap gap before the pressure is equalized in 
the segment. To carry this load, a bond at 
least 0.5 inch long is needed. 
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